Since the discovery of enantiomerism by Pasteur in 1848, 1 studies concerning to discrimination of enantiomers have been among the important subjects in science. Studies of Mori on the relationship between optical purity and biological activity of insect pheromones, [2] [3] [4] which revealed that the biological activities of some insect pheromones were dramatically changed by their optical purities, have demonstrated the importance of determining the absolute configuration and accurate optical purity of biologically active compounds. However, the most widely used diastereomer method for the discrimination of enantiomers has a problem in that it is very difficult, or even impossible, to discriminate diastereomers having chiral centers separated by more than four bonds. The problem has been assumed to be intrinsic to the diastereomer method, and has been left unsolved. Since there has been no determination method so far, the absolute configurations of many natural products have not been determined. [5] [6] [7] These facts prompted us to develop a method for a highly sensitive discrimination of enantiomers. [8] [9] [10] [11] In this paper, we describe the development of highly sensitive chiral labeling reagents ((1R,2R)-and (1S,2S)-2-(anthracene-2,
3-dicarboximido)cyclohexancarboxylic acids [(1R,2R)-and (1S,2S)-A] and their naphthalene analogs, (1R,2R)-and(1S,2S)-2-(2,3-naphthalenedicarboximido)cyclohexanecarboxylic acids [(1R,2R)-and (1S,2S)-A′])
, for the discrimination of enantiomers of chiral alcohol, and for solving the intrinsic problem with respect to chiral alcohol.
Experimental

General
Melting point data were obtained with a Yanagimoto Meltingpoint apparatus and were uncorrected. 1 H NMR spectra were recorded with a Varian Unity 500 spectrometer using tetramethylsilane as an internal standard at 20˚C in CDCl3 unless specifically noticed. High-resolution mass spectra (HRMS) were recorded with a JEOL JMS-700. Optical rotations were measured with a Jasco DIP-370 at 589 nm. Merck silica gel art #9385 was used for column chromatography and Merck silica gel art #5554 for analytical thin-layer chromatography. We used (1S,2S)-A ester of (S)-anteiso fatty alcohols as (1R,2R)-A ester of (R)-anteiso fatty alcohols in both 1 H NMR and HPLC chiral discrimination studies.
(1R,2R)-and (1S,2S)-N-Benzoyl-trans-2-aminocyclohexanecarboxylic acid [(1R,2R)-16 and (1S,2S)-16]
To a mixture of (rac)-16 (23.0 g, 93.0 mmol) and (R)-(+)-1-phenylethylamine (11.3 g, 93.2 mmol) was added 70% methanol/water. The mixture was stirred at 60˚C to dissolve all solids, and then allowed to stand at room temperature. After 16 h, the resulting fluffy needles (12.8 g) were collected by filtration and recrystallized twice from 70% methanol/water to give salt (4.28 g) as fluffy needles. After treatming the salt with 3 N HCl, the acid was extracted with EtOAc (3 × 50 ml). The combined organic extracts were dried over anhydrous MgSO4 and evaporated in vacuo. The residue was recrystallized from 70% methanol/water to give optically pure (1R,2R)-16 as colorless needles (2.87 g, 13%). 
(1R,2R)-2-(2,3-Anthracenedicarboximido)cyclohexanecarboxylic acid [(1R,2R)-A]
A solution of (1R,2R)-16 (730 mg, 2.95 mmol) in concentrated HCl (50 ml) was refluxed for 3 d. The mixture was then poured into water (150 ml) and washed with EtOAc (3 × 20 ml). The aqueous layer was evaporated in vacuo and the residue was co-evaporated with toluene to give (1R,2R 
To a stirred solution of 4-pentenylmagnesium bromine in dry THF (80 ml), prepared from Mg (1.32 g, 54.3 mmol), 5-bromo-1-pentene (7.10 g, 47.6 mmol), and a catalytic amount of I2, was added a solution of 18 (6.70 g, 27.7 mmol) in dry THF (40 ml) at 0˚C under an argon atmosphere, followed by a catalytic amount of CuI. The reaction mixture was allowed to warm to room temperature and kept at room temperature for 12 h. The mixture was then poured into saturated aqueous NH4Cl (100 ml) and extracted with Et2O (3 × 50 ml). The combined organic extracts were dried over MgSO4 and evaporated in vacuo. The residue was purified by silica-gel column chromatography (hexane) to give an undetachable mixture of alkenes as colorless oil (6.01 g). To a mixture of these alkenes (6.01 g) and NaBH4 (443 mg, 11.7 mmol) in dry THF (15 ml) at 20˚C under an argon atmosphere was added dropwise BF3(OEt)2 (2.0 ml, 15.9 mmol). After being stirred at room temperature for 30 min, to the mixture was added dropwise H2O (3.0 ml), 3 M aqueous NaOH (4.7 ml, 14.1 mmol), and 30% aqueous H2O2 (4.7 ml, 41.5 mmol) successively. The mixture was stirred at room temperature for 1 h. To the mixture was added NaCl for saturating the aqueous layer, and the resulting mixture was partitioned between Et2O (3 × 15 ml) and saturated brine. The combined organic extracts were dried over anhydrous MgSO4 and evaporated in vacuo. The residue was purified by silica-gel column chromatography (4:1 hexane/EtOAc) to give 6 as a colorless oil (2.23 g, 51% from 18), [α] 
(S)-8-Methyl-1-decanol (7)
Compound 7 was prepared from 18 and 6-bromohexane by a procedure similar to that described for 6. 
(S)-10-Methyl-1-dodecanol (9)
Compound 9 was prepared from 18 and 8-bromooctane by a procedure similar to that described for 6. 
(S)-11-Methyl-1-tridecanol (10)
Compound 10 was prepared from 18 by a procedure similar to that described for 6. 
(S)-12-Methyl-1-tetradecanol (11)
Compound 11 was prepared from 18 by a procedure similar to that described for 6. 
(S)-13-Methyl-1-pentadecanol (12)
Compound 12 was prepared from 18 by a procedure similar to that described for 6. 12; colorless oil, 
(S)-14-Methyl-1-hexadecanol (13)
Compound 13 was prepared from 18 by a procedure similar to that described for 6. 
(S)-15-Methyl-1-heptadecanol (14)
Compound 14 was prepared from 18 by a procedure similar to that described for 6. 14; colorless crystals, mp 31 -33˚C; [α] 
(S)-2-Methylbutyl(1R,2R)-2-(2,3-anthracenedicarboximido)cyclohexanecarboxylate [(S)-(R)-19]
To a solution of (1R,2R)-A (50 mg, 0.13 mmol) in a 1:1 mixture of toluene and acetonitrile (20 ml) was added (S)-2-methyl butanol (1) 
(S)-3-Methylpentyl(1R,2R)-2-(2,3-anthracenedicarboximido)cyclohexanecarboxylate [(S)-(R)-20]
Yellow 
(S)-3-Methyl-pentyl(rac)-2-(2,3-anthracenedicarboximido)cyclohexanecarboxylate [(S)-(rac)-20]
Yellow crystals, mp 138˚C, 1 
(S)-4-Methylhexyl(1R,2R)-2-(2,3-anthracenedicarboximido)cyclohexanecarboxylate [(S)-(R)-21]
(S)-5-Methylheptyl(1R,2R)-2-(2,3-anthracenedicarboximido)cyclohexanecarboxylate [(S)-(R)-22]
Yellow crystals, mp 108˚C; 
(S)-6-Methyloctyl(rac)-2-(2,3-anthracenedicarboximido)cyclohexanecarboxylate [(S)-(rac)-23]
Yellow crystals, mp 104˚C; 1 H NMR σ 0.620 [3H, t, J = 7. 
(S)-7-Methylnonyl(1R,2R)-2-(2,3-anthracenedicarboximido)cyclohexanecarboxylate [(S)-(R)-24]
(S)-7-Methylnonyl(rac)-2-(2,3-anthracenedicarboximido)cyclohexanecarboxylate [(S)-(rac)-23]
Yellow crystals, mp 101˚C; 1 
(S)-8-Methyldecanyl(1R,2R)-2-(2,3-anthracenedcarboximido)-cyclohexanecarboxylate [(S)-(R)-24]
Yellow crystals, mp 111˚C; 
(S)-8-Methyldecanyl(rac)-2-(2,3-anthracenedicarboximido)-cyclohexanecarboxylate [(S)-(rac)-24]
Yellow crystals, mp 110˚C; 1 
(S)-9-Methylundecanyl(1R,2R)-2-(2,3-anthracenedicarboximido)-cyclohexanecarboxylate [(S)-(R)-25]
Yellow crystals, mp 115˚C; 
(S)-9-Methylundecanyl(rac)-2-(2,3-anthracenedicarboximido)-cyclohexanecarboxylate [(S)-(rac)-25]
Yellow crystals, mp 114˚C, 1 
(S)-10-Methyldodecanyl(rac)-2-(2,3-anthracenedicarboximido)-cyclohexanecarboxylate [(S)-(rac)-26]
Yellow crystals, mp 113˚C; 1 
(S)-11-Methyltridecanyl(rac)-2-(2,3-anthracenedicarboximido)-cyclohexanecarboxylate [(S)-(rac)-27]
Yellow crystals, mp 107˚C; 1 
Results and Discussion
Design and preparation of A and A′
In preceding papers, [8] [9] [10] [11] we reported on the development of chiral labeling reagents for a highly sensitive discrimination of enantiomers of chiral caroboxylic acids,
(R,)-and (S)-2-(2,3-anthracenedicarboximido)-1-propyl alcohol [(R)-and (S)-B] and its trifluromethanesul-fonate [(R)-and (S)-B′], (R)-and (S)-1-(2,3-anthracenedicarboximido)-2-propyl alcohol [(R)-and (S)-C] and its trifluromethanesulfonate [(R)-and (S)-C′] as firstgeneration reagents, and (1R,2R)-and (1S,2S)-2-(2,3-anthracenedicarboximido)cyclohexanol [(1R,2R)-and (1S,2S)-D]
as second-generation reagents. This has enabled us to discriminate anteiso fatty acids up to methyl branching on C26 by reversed-phase HPLC, and to determine the absolute configurations of hitherto undetermined natural products. [13] [14] [15] Although the first-generation reagents, B and C, were designed to provide derived diastereomers with a specific chiral gauche conformation by a gauche effect 16 between an amide nitrogen atom and an ester oxygen atom in the amino-ethanol moiety of the molecule, the second-generation reagent D does not need a gauche effect to provide derived diastereomers with a specific chiral gauche conformation. Therefore, we expected that reagent A, having a carboxyl group instead of a hydroxyl group of D, would work as a labeling reagent for a highly sensitive discrimination of enantiomers of chiral alcohols (Fig. 1) .
The optical resolution of (rac)-N-benzoyl-trans-2- aminocyclohexanecarboxylic acid [(rac)-16] was performed as 1-phenylethylamine salt instead of ephedrine salt, reported by Nohira et al., 17 because ephedrine is not available in Japan. The optical purity and the absolute configurations of the resolved 16 were determined by a chiral HPLC, and comparisons of their optical rotations were made with those in the literature. 17 After de-N-benzoylation of optically pure 16, the resulting amines (17) were reacted with 2,3-anthracenedicarboxylic anhydride 4 to give optically pure A. Similarly, optically pure A′ was also prepared by the reaction of optically pure 17 and commercially available 2,3-naphthalenedicarboxylic anhydride (Scheme 1).
Preparation of anteiso fatty alcohols
The anteiso fatty alcohols 1 -15 used in this study are shown in Fig. 2 . Alcohols 1 -5 were commercially available. The syntheses of alcohols 6 -15 were performed as shown in Scheme 2. Tosylates of commercially available or synthesized (S)-anteiso fatty alcohols were reacted with ε-pentenyl magnesium bromide in the presence of CuI to give the corresponding anteiso ε-alkenes. Hydroboration of the alkenes, followed by a treatment with a mixture of NaOH and H2O2, gave the correspondingly carbon elongated (S)-anteiso fatty alcohols. Table 1 . The alternate sign of ∆δ (S -R, ppm) of the chemical shifts of the branched methyl groups up to C9 branched methyl groups (up to compound 8) suggested that these methyl groups were over the anthracene ring in their preferred conformations, as shown in Fig. 3 , similarly to the methyl groups of the D-esters of anteiso fatty acids. 9, 10 Thus, the stereochemistry of a branched methyl group up to C9 of methyl branched primary alcohols can be determined by comparing the chemical shifts of the branched methyl groups of their (1S,2S)-A-and (1R,2R)-A-esters.
Discrimination of anteiso fatty alcohols as their
Discrimination of enantiomers of anteiso fatty alcohols as their A-and A′-esters by HPLC on a reversed-phase column
A and A′-esters of anteiso fatty alcohols for this study were prepared by a method similar to that described for a 1 H NMR study, but by using a very small amount of alcohols and a large excess of A and A′. They were used without isolation and characterization due to a highly sensitive analysis.
Since the HPLC separation of the D-esters of enantiomers of anteiso fatty acids was achieved by using reversed-phase columns eluted with a mixture of water, methanol, acetonitrile, tetrahydrofurane (THF), and n-hexane at a temperature of between -50˚C and -20˚C, we studied similar conditions for the separation of A-and A′-esters of enantiomers of anteiso fatty alcohols 1 -15. Tables 2 and 3 show their chromatographic data under optimized conditions. In the case of A-esters of 1 -9 (shorter chain alcohols), the best separation was achieved by using TSKgel ODS-120A, which is a C-18 column without endcapping, among the five tested (four C-18 and one C-30 columns). On the other hand, Develosil C30-UG-3 (C-30 column) gave the best separation for longer chain alcohols, 10 -15. In the case of A′-esters, a TSKgel ODS-120 column gave the best separation for 3 -10, Develosil ODS-3 did for 11 and Develosil C30-UG-3 (C-30 column) did for longer chains, 12 -15. Both A-and A′-esters of 1 could not be separated into two peaks, but their retention times were slightly different, and therefore they could be discriminated by HPLC. Although the retention times of diastereomeric A-esters of 3 and 9 were slightly different, they could not be separated into two peaks. On the other hand, A′-esters of them were separated into two peaks. Thus, the complementary use of both A and A′ is recommended. HPLC chromatograms of A-and A′-esters of Column A: TSKgel ODS-120A, B: Develosil C30-UG-3, C: Develosil ODS-3.
Column temp. (˚C)
Flow rate (ml/min) Rs Alcohol Column Retention time (min)/k′ α with a methyl group at an odd-number carbon were eluted faster than the corresponding (R)-acids esters, while the (R)-acid esters with a methyl group at an even-number position were eluted faster than the corresponding (S)-acid esters. This elution order was reversed for anteiso acids having a branched methyl at a position farther than the C11 position. 9-11 A similar rule was observed for A-and A′-esters of anteiso fatty alcohols. The changing positions of the elution order were between alcohols 9 and 10 for reagent A, and between alcohols 7 and 8 for reagent A′, respectively, and seemed to be the borderlines between the esters having branched methyl groups above the aromatic ring and out of the ring. These phenomena suggested to us that different mechanisms worked on the discrimination of chilarity by HPLC between the branched methyl groups above the aromatic ring and those out of it. Since the separation near the changing position is poor, the complementary use of reagents A and A′ is again recommended. For alcohols having a branched methyl group at a position more remote from the hydroxyl group, a C-30 column was very effective for better separation, and reagent A was superior to reagent A′ for both Rs values and the retention times. ANALYTICAL SCIENCES SEPTEMBER 2003, VOL. 19 Table 2 . Table 3 .
